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Basigin (BSG) is a multifunctional glycoprotein that plays an important role in male reproduction since
male knockout (KO) mice are sterile. The Bsg KO testis lacks elongated spermatids and mature
spermatozoa, a phenotype similar to that of alpha-mannosidase IIx (MX) KO mice. MX regulates
formation of N-acetylglucosamine (GlcNAc) terminated N-glycans that participate in germ cell-Sertoli
cell adhesion. Results showed that Bsg KO spermatocytes displayed normal homologous chromosome
synapsis and progression through meiosis. However, only punctate expression of the round spermatid
marker SP-10 in the acrosomal granule of germ cells of Bsg KO mice was detected indicating that
spermatogenesis in Bsg KO mice was arrested at the early round spermatid stages. We observed a large
increase in the number of germ cells undergoing apoptosis in Bsg KO testes. Using lectin blotting, we
determined that GlcNAc terminated N-glycans are linked to BSG. GlcNAc terminated N-glycans were
signiﬁcantly reduced in Bsg KO testes. These observations indicate that BSG may act as a germ cell-Sertoli
cell attachment molecule. Loss of BSG signiﬁcantly reduced adhesion between GC-2 and SF7 cells.
Moreover, wild type testes showed strong expression of N-cadherin (CDH2) while expression was greatly
reduced in the testes of Bsg KO mice. In addition, the integrity of the blood-testis barrier (BTB) was
compromised in Bsg KO testes. In conclusion, although some Bsg KO spermatogonia can undergo normal
progression to the spermatocyte stage, BSG-mediated germ cell-Sertoli cell interactions appear to be
necessary for integrity of the BTB and spermatocyte progression to mature spermatozoa.
& 2013 Elsevier Inc. All rights reserved.Introduction
Spermatogenesis is the process of producing sperm (haploid)
from initially undifferentiated spermatogonia (diploid). During
spermatogenesis, there are a group of somatic cells named Sertoli
cells that have direct contact with all the different types of germ
cells in the seminiferous tubules. Sertoli cells play a major role in
the regulation of germ cell differentiation and migration. First,
these cells form the blood-testis barrier (BTB) in the seminiferous
epithelium near the basement membrane which protects the
postmeiotic germ cells from the host immune system in order to
avoid attack from the production of anti-sperm antibodies against
germ cell speciﬁc antigens (Dym and Fawcett, 1970; Morrow et al.,
2009; Wong et al., 2010). The BTB has been shown to be composed
of tight junctions (TJ), basal ectoplasmic specializations (basal ES,ll rights reserved.
IL 61801. Fax: +217 333 8286.
).a testis-speciﬁc type of adherens junction), gap junctions (GJ)
and desmosome-like junctions. Several adhesion molecules
have been identiﬁed to play an important role in the functioning
of these junctions including claudins and occludins (TJ); cox-
sacckie and adenovirus receptor (CXADR), N-cadherin (CDH2)
and β-catenin (basal ES); connexin43 (CX43) (GJ); desmoglein-2
and desmocollin-2 (desmosome-like junction) (Cheng and Mruk,
2009; Komljenovic et al., 2009; Pointis and Segretain, 2005; Wong
et al., 2008). Knockouts generated against speciﬁc junction pro-
teins such as claudin 11 (CLDN11) (Gow et al., 1999) can cause
sterility in the male mouse, which emphasizes the role these
junction proteins play in the appropriate functioning of the BTB
and also prove that an intact BTB is necessary for successful male
fertility.
Sertoli cells are also responsible for the formation and secretion
of seminiferous tubule ﬂuid (STF) which consists of a number of
products that are involved in spermatogenesis such as transport
and binding proteins, proteases and protease inhibitors, hormones
and growth factors (Russell and Griswold, 1993; Skinner and
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and hormonal microenvironment necessary for the viability and
differentiation of germ cells during spermatogenesis. It also
provides the milieu for developing spermatozoa and the vehicle
to transport them from the testis (Rato et al., 2010; Richburg et al.,
1994). Furthermore, there is strong evidence that some ligands
secreted by Sertoli cells can modulate gene expression in germ
cells during spermatogenesis (Tsuruta and O'Brien, 1995). Sertoli
cells also communicate with germ cells through direct cell-cell
contact and paracrine interactions. The loss of these interactions
between Sertoli cells and germ cells leads to the failure of
spermatogenesis. For example, oligosaccharide 310.11 which is a
N-acetylglucosamine (GlcNAc) terminated tri-antennary and fuco-
sylated N-glycan structure has been shown to play a key role in
germ cell adhesion to Sertoli cells. A 50% reduction in expression
of this N-glycan structure results in almost complete suppression
of fertility (Akama et al., 2002). Although this speciﬁc oligosac-
charide plays a key role in spermatogenesis, the glycoprotein that
the oligosaccharide is attached to is still unknown.
Basigin (basic immunoglobulin superfamily; BSG) is a trans-
membrane glycoprotein rich in N-glycans that belongs to the
immunoglobulin superfamily (Miyauchi et al., 1990; Tang et al.,
2004). This molecule has been identiﬁed independently by differ-
ent laboratories and is also known as EMMPRIN, CD147 and M6 in
human, GP42 in mice, HT7 and neurothelin in chicken and OX-47,
MC31 and CE9 in the rat (Nehme et al., 1995; Sameshima et al.,
2000; Schlosshauer and Herzog, 1990; Seulberger et al., 1992;
Wakayama et al., 2000). The molecular weight of BSG lies in a
range between 43 kD and 66 kD due to variable glycosylation
whereas the molecular weight of the core protein is around 27 kD
(Fossum et al., 1991; Miyauchi et al., 1990; Seulberger et al., 1992).
BSG is highly expressed in reproductive tissues and plays a crucial
role in both male and female reproduction (Chen et al., 2010;
Igakura et al., 1998; Kuno et al., 1998). In the mouse testis, BSG is
expressed in Sertoli cells, Leydig cells and strongly expressed in
spermatocytes and spermatids (Chen et al., 2010; Igakura et al.,
1998). Bsg gene KO males, created by targeted disruption, are
sterile due to the failure of spermatogenesis (Igakura et al., 1998).
However, the underlying mechanisms of Bsg action in mammalian
spermatogenesis still remain unclear. The goals of the current
study of Bsg gene null mutant (-/-) testes were: (1) to determine
the effect of loss of BSG on the transition of spermatocytes to
spermatids; (2) to investigate the importance of BSG in main-
tenance of the BTB; and (3) to determine whether BSG is the
predominant protein that binds N-glycans in the testis.Materials and methods
Animals
Animals used in this research were maintained in accordance
with the guidelines of the Institutional Animal Care and Use
Committee at the University of Illinois. The wild-type C57BL6/J
male mice were obtained from Jackson Laboratory (Bar Harbor,
ME) and were housed under temperature and light controlled
conditions (12 h light: 12 h dark) with free access to food and
water. C57BL6/J heterozygous (Bsg +/−) mice were a kind gift from
Dr. Takashi Muramatsu, Department of Biochemistry, Nagoya
University School of Medicine, Japan. Heterozygote breeding was
carried out in the animal facility of the University of Illinois. At
3 weeks of age, male offspring were anesthetized by isoﬂurane
inhalation (Attane; Minrad, Bethlehem, PA) and tail snips were
collected for genotyping. DNA was extracted from the snips using
REDExtract-N-Amp (Sigma, St. Louis, MO), and genotypes deter-
mined by PCR using primers for Bsg and neomycin (Igakura et al.,1998). Offspring with the Bsg −/− phenotype were maintained
under the same conditions as those for the WT mice. The
incidence of Bsg null mutant offspring is very low due to the fact
that most null mutant embryos fail to implant and are lost prior to
birth. Thus we obtained only 1% Bsg null mutant offspring and only
half of these were males. The overall number of Bsg null mutant
male mice utilized for these studies was 15 over a three year
period.
Tissue collection
The wild type and Bsg KO mice (6 days, 12–24 weeks or 15–17
months of age) were euthanized with carbon dioxide and testes
collected immediately. Tissues for histology were ﬁxed in Bouin's
or 4% paraformaldehyde in PBS overnight and processed for
parafﬁn embedding. Tissues for Western and lectin blotting
analyses were snap-frozen in liquid nitrogen and stored at
−80 1C until use.
Radioimmunoassay
Blood samples were collected from wild type and Bsg KO mice
(n¼3) and serum samples were stored at −80 1C until the assays
were performed. Testosterone levels were measured using a
radioimmunoassay performed by the University of Virginia Core
Ligand and Assay Laboratory. The limit of detection for this assay
was 0.1 ng.
Cell culture
GC-2 cells (Hofmann et al., 1995) are an immortalized sperma-
tocyte cell line and were purchased from the American Type
Culture Collection (ATCC) (CRL-2196). Cells were cultured in
Dulbecco's modiﬁed Eagle's medium (DMEM) supplemented with
10% fetal bovine serum and 1% Penicillin–Streptomycin in a 5% CO2
humidiﬁed incubators at 37 1C.
SF7 cells (Hofmann et al., 1992) are an immortalized Sertoli cell
line and were a gift from Dr. Hofmann at University of Illinois. Cells
were cultured in DMEM/F12 supplemented with 10% fetal bovine
serum, 1% L-glutamine and 1% Penicillin–Streptomycin in a 5% CO2
humidiﬁed incubators at 37 1C.
Germ cell isolation and spermatocyte enrichment
Testes were removed from both wild type and Bsg KO mice,
detunicated and digested in 0.5 mg/ml collagenase (Sigma) in Krebs-
Ringer bicarbonate solution (KRB) [120.1 mM NaCl, 4.8 mM KCl,
25.2 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgSO4.7H2O, 1.3 mM
CaCl2, 11 mM glucose, 1 essential amino acids, 1 nonessential
amino acids] at 32 1C for 20 min, followed by digestion in 0.5 mg/ml
trypsin (Sigma) containing 20 mg/ml DNase I in KRB at 32 1C for
13 min. After digestion the cell suspension was ﬁltered through an
80-mm mesh ﬁlter and washed three times in KRB. Germ cells were
then processed as described below.
Cytological analyses
For immunoﬂuorescence analysis, germ cells from testes of
three wild type and three Bsg KO mice were collected by
centrifugation, surface-spread in wells of multispot microscope
slides (Shandon, Pittsburgh, PA) and ﬁxed following the procedure
previously described (Cobb et al., 1999b, 1997). Prior to antibody
labeling, slides were washed three times in washing/blocking
buffer (0.3% BSA, 1% goat serum in phosphate-buffered saline, pH
7.4); the second wash included 0.05% Triton-X 100. After draining,
the slides were incubated with primary antibodies. Antibodies and
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CO) used at 1:100 dilution; guinea pig anti-H1T (Cobb et al., 1999a)
at 1:500; rabbit anti-γH2AX (Millipore) at 1:200; Secondary
antibodies against rabbit, rat or mouse IgG and conjugated with
Alexa 594 or 488 (Molecular Probes) were used at 1:500 dilution.
Images were acquired with a Leica DMRXE epiﬂuorescence micro-
scope equipped with a 100X plan-neoﬂuar oil-immersion objec-
tive lens and a triple ﬁlter (set no. 61000V2 BS&M, Chroma
Technology, Rockingham, VT) for simultaneous visualization of
green (Alexa 488), red (Alexa 594), yellow (Alexa 488+Alexa 594)
and blue (DAPI) ﬂuorescence. The microscope was linked to a
Micromax cooled CCD camera (RS Princeton Instrument) with a
high-speed shutter driven by a Sutter Lambda 10-2 (Sutter Instru-
ment) and Metamorph software (Universal Imaging Corporation)
to capture the images.
Histology, immunohistochemistry and immunoﬂuorescence
Parafﬁn embedded tissues were sectioned at 4 mm and
mounted on poly-L-lysine-coated slides. Sections were stained
using the periodic acid-Schiff (PAS) reaction (Cerri and Sasso-
Cerri, 2003) and hematoxylin for histological observation. After
deparafﬁnization and rehydration, sections for immunostaining
were boiled in 10 mM citrate buffer (pH 6.0) for 30 min to promote
antigen retrieval. Endogenous peroxidase activity was blocked in
methanol containing 3% hydrogen peroxide for 15 min. After
blocking with 2% normal serum (Vector Laboratories, Burlingame,
CA) in PBS/Tween 20 (PBS/T) for 60 min, sections were incubated
at 4 1C overnight with: 2 mg/ml goat anti-BSG (R&D, Minneapolis,
MN, USA), rabbit anti-TRA 98, 1:1000 (a kind gift of Hiromitsu
Tanaka, Osaka University, Japan), guinea pig anti-SP-10, 1:400
(a kind gift of Dr. P. Reddi, University of Virginia), rabbit anti-
SOX9, 1:400 (Cosmo Bio Co., LTD, Japan), rabbit 0.2 mg/ml anti-
CXADR (Santa Cruz, Santa Cruz, CA), 1 μg/ml rabbit anti-CX43 (Cell
Signaling Technology, Danvers, MA), 2 μg/ml rabbit anti-CDH2
(Santa Cruz, Santa Cruz, CA), and 0.33 μg/ml rabbit anti-CLDN11
(abcam, San Francisco, CA). Isotype control IgG was applied as a
negative control. After washing in PBS/T, sections were incubated
with secondary antibody either conjugated with CY3 at 1:1000
with PBS/T (Jackson ImmunoResearch, West Grove, PA) or biotin
(Vector Laboratories) diluted at 1:200 with PBS/T for 60 min at
room temperature. Sections for immunohistochemistry were then
incubated in ABC solution (Vector Laboratories) for 30 min, reacted
with metal-3,3′-diaminobenzidine (DAB) (Sigma, St. Louis, MO,
USA) for minutes, and counterstained with hematoxylin. Sections
for immunoﬂuorescence were then mounted using Vectashield
(Vector Laboratories). All immunohistochemistry studies were
performed on testes from three wild type and three Bsg KO mice.
TUNEL staining
Detection of DNA fragmentation of apoptotic cells was per-
formed by using an ApopTag Plus Peroxidase In Situ Apoptosis Kit
(Chemicon-Millipore, Billerica, MA, USA). Brieﬂy, after deparafﬁ-
nization and rehydration, sections were permeabilized by incuba-
tion with proteinase K (20 mg/ml) for 15 min. Endogenous
peroxidase activity was blocked in 3% hydrogen peroxide in PBS
for 5 min. After a 10 s incubation in equilibration buffer, sections
were incubated in the terminal deoxynucleotidyl transferase (TdT)
labeling reaction mix for 1hr at 37 1C. After a 10 min wash in stop/
wash buffer, sections were incubated with anti-digoxigenin and
ﬁnally developed in DAB. For the negative controls, sections were
processed without TdT enzyme in the labelling reaction mix.
Sections were counterstained with 0.5% (w/v) methyl green for
10 min at room temperature. The total number of apoptotic cells
was counted in multiple histological sections of testes from 3 wildtype and 3 Bsg KO testes. We counted the number of apoptotic
germ cells in a minimum of 54 tubules for each testis. These
numbers were then divided by the number of seminiferous
tubules in each tissue section to obtain the average number of
apoptotic germ cells per semniferous tubule.
Barrier function assays
The permeability of the BTB was assessed using the method
developed by Chen et al. (1997). Brieﬂy, three wild type and three
BsgKO mice (12 weeks old) were anesthetized using ketamine/
xylazine (2 mg/0.2 mg). Testes were exposed by a small incision
through the scrotal layer. Next, a small opening in the tunica
albuginea was gently created with ﬁne forceps and 20 ul of 10 mg/ml
EZ-Link Sulfo-NHS-LC-Biotin (Fisher Scientiﬁc) were injected using a
Hamilton syringe into the interstitium of one testis. The other testis
was injected with 20 ul of PBS as a control. After 30 min the animals
were euthanized by cervical dislocation, and the testes were imme-
diately removed and ﬁxed in 4% paraformaldehyde. Testes were then
processed for parafﬁn embedding. The slides were deparafﬁnized,
rehydrated, boiled in 10 mM citrate buffer (pH 6.0) for 30 min and
incubated with Fluorescein Isothiocyanate (FITC) conjugated strepta-
vidin (Invitrogen, Grand Island, NY) for 60 min. Slides were then
mounted with vectashield (Vector Laboratories).
Lectin histochemistry
Tissue sections were deparafﬁnized in xylene three times for a
total of 60 min. The sections were rehydrated in decreasing
concentrations of ethanol. Endogenous peroxidase activity was
blocked in methanol containing 3% hydrogen peroxide for 20 min.
After blocking with 1% BSA in PBS/T for 60 min, sections were
incubated at 4 1C overnight with 10 mg/ml biotinylated Griffornia
simplicifolia agglutinin (GSA) II (Vector Laboratories). GSA II that
was preincubated with N-acetylglucosamine (Sigma, St. Louis, MO)
was applied as a negative control. After washing in PBS/T, sections
were incubated in ABC solution (Vector Laboratories) for 30 min,
reacted with DAB for 3 min, and counterstained with hematoxylin.
Immunoprecipitation
Testes from 3 wild type mice were homogenized and proteins
extracted using TNE buffer (1% NP 40, 10 mM Tris pH 8, 1 mM
EDTA). 500 μg of protein were incubated with 2 μg of goat poly-
clonal antibody against mouse BSG (R&D, Minneapolis, MN) or
goat IgG for 60 min at 4 1C. Protein G plus-Agarose (Santa Cruz)
was added into each protein sample overnight at 4 1C. Immuno-
precipitates were collected by centrifugation at 2500 rpm at 4 1C
and washed with RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl,
1 mM EDTA, 1% Triton X-100, 1% Sodium deoxycholate, 0.1% SDS
and proteinase inhibitor). The protein was removed from the
beads by boiling for 5 min in 1X LSB (2% SDS, 10% glycerol,
6.25 mM Tris pH 6.8). Proteins were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes.
Immunoblotting analysis
Membranes were blocked in 5% nonfat dry milk and then
probed with 0.4 μg/ml goat polyclonal antibody against mouse
BSG (R&D) overnight at 4 1C. The membranes were then washed
and incubated with horseradish peroxidase-conjugated donkey
anti-goat IgG antibody (abcam, San Francisco, CA) at 1:5000
dilution for 60 min at room temperature. The bound secondary
antibody was detected using SuperSignal West Pico Chemilumi-
nescent Substrate kit (Fisher Scientiﬁc).
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Membranes probed for immunoblotting analysis were stripped
with Restore Western Blot Stripping Buffer (Fisher Scientiﬁc). After
blocking in 1X Carbo-free blocking buffer (Vector Laboratories) for
an hour, the membranes were incubated with 1 mg/ml GSA II
overnight at 4 1C. Membranes were then incubated in 0.2 mg/ml
Immunopure Avidin Hoseradish Peroxidase Conjugated (avidin-
HRP) (Fisher Scientiﬁc) for 1 h. The bound avidin-HRP was
detected using SuperSignal West Pico Chemiluminescent Substrate
kit (Fisher Scientiﬁc).siRNA transfections and in vitro assay for germ cell-Sertoli cell
adhesion
Methods for mouse spermatogenic cells (GC-2) and Sertoli cell
(SF7) adhesion assays (Akama et al., 2002) were performed as
previously described with the following modiﬁcations. SiRNAs
corresponding to mouse Bsg (sense: CGUAGAUUCCCAUCAUACAtt;
antisense: UGUAUGAUGGGAAUCUACGgg) were purchased from
ambion (Life technologies). The siRNA was transfected into the
GC-2 cells following the protocol of siLentFect™ Lipid (Bio-Rad).
Brieﬂy, 3 μl of siLentFect Lipid transfection reagent was mixed
with 10 nM of siRNA to form complexes and dispersed into 6-well
cell culture plates at 37 1C for 48 h. Silencer select negative control
#1 (Life technologies) was used as a negative control under the
same conditions.
The GC-2 cells were then labeled with [3H] Thymidine (2 μCi/ml)
at 37 1C for another 24 h. 4.2105 [3H]-labeled GC-2 cells were
added to the SF7 cells and incubated at 37 1C for 4 h. After washingFig. 1. BSG immunoreactivity in mouse testes (n¼3). (A) BSG immunoreactivity was obs
50 μm. (B) Enlargement of insert of (A). A, spermatogonium; P, pachytene spermatocyte;
represents localization of BSG protein. Scale bar, 10 μm. (C) BSG immunoreactivity was o
age. The red color represents the localization of Tra 98 in germ cells. The green color rep
(D) There was no BSG immunoreactivity in the Bsg KO testis. Scale bar, 10 μm.unbound cells with PBS, radioactivity remaining on the SF7 cells
was counted in a scintillation counter.
Statistical analysis
Results are represented as mean7S.E. Differences between
groups were examined using Student's t-test. Statistical signiﬁ-
cance was set as Po0.05.Results
BSG protein expression in the mouse testes
Immunohistochemistry and immunoﬂuorescence analysis were
carried out in order to determine the localization of BSG in the
mouse testes. BSG was highly expressed in the mouse testes and
strong BSG immunoreactivity was observed in spermatocytes and
spermatids (Fig. 1A and B). Type A spermatogonia can typically be
observed in mouse testes as early as day 7–8 of age (Bellve et al.,
1977). We therefore analyzed tissue sections from day 6 mouse
testes to determine whether BSG is expressed in spermatogonia.
Tra 98, a germ cell marker (Tanaka et al., 1997), was used to
identify germ cells. Our results showed that spermatogonia
expressed BSG (Fig. 1C). No BSG immunoreactivity was observed
in sections from Bsg KOs (Fig. 1D), conﬁrming the speciﬁcity of the
antibody for mouse BSG.
Spermatogenic arrest in Bsg-null mouse testes
The testes of Bsg KO mice were smaller than those of wild type
mice (Fig. 2A) and the testis to body weight ratio of the KO miceE
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bserved in type A spermatogonia (arrowhead) and Sertoli cells (arrow) at 6 days of
resents localization of BSG. Nuclei were stained with DAPI (blue). Scale bar, 20 μm.
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Fig. 2. Abnormalities in mouse testes due to loss of BSG expression (12–24 weeks of age; n¼3). (A) Testes from wild type and Bsg KO mice. Scale bar, 1 mm. (B) The testis to
body weight ratio of the KO mice was signiﬁcantly less than that of the wild type mice. Data are means7S.E. and the star indicates statistical differences (Po0.05). (C) The
testes from Bsg KO mice exhibit multinucleated giant cells (pachytene spermatocytes, arrowhead; round spermatids, arrow). Scale bar, 20 μm. (D) Abnormal chromatin
patterns in the pachytene spermatocytes of Bsg KO testes. Scale bar, 20 μm. (E) Increased numbers of spermatocytes with pyknotic nuclei. Scale bar, 20 μm. (F) TUNEL assay of
wild type and Bsg KO testes detected marked increases in apoptosis in Bsg KO testes. Apoptotic cells in the testes are stained brown in color. The rectangles located in the
right-bottom of the images show enlarged views of the highlighted areas in each panel. Scale bar, 100 μm; scale bar (insert), 20 μm.
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Testosterone levels were determined for wild type and Bsg KO
male mice. The values ranged widely from 0.2 to 1.2 ng/ml for both
groups and were not different from one another. We next
examined the histology of both Bsg KO and wild type testes. Both
pachytene spermatocytes (Fig. 2C, arrowhead) and round sperma-
tids (Fig. 2C, arrow) formed multinucleated giant cells in contrast
to wild type testes where none were found. Moreover, there were
a lot of abnormal chromatin patterns, with micronuclear forma-
tion, in the pachytene spermatocytes as they enter meiotic division
(Fig. 2D, arrowhead) and evidence of cell death based on the
presence of pyknotic nuclei (Fig. 2E, arrowhead). We conﬁrmed
previous studies showing a reduction in the number of spermato-
genic cells in Bsg KO mice (Igakura et al., 1998), as null mutant
testes exhibited a complete loss of elongated spermatids and
mature spermatozoa. We used a TUNEL assay to evaluate apoptosis
of germ cells in Bsg KO mice. As shown in Fig. 2F, there was a
marked increase in the number of apoptotic cells/semniferous
tubule in the testes of Bsg KO mice (3.1670.29) as compared towild type testes (0.1770.01). The position of these apoptotic cells
in the seminiferous epithelium as well as their morphology
indicated that they were spermatocytes.
Because previous studies had not determined the progression
of meiosis or whether meiotic division occurred in Bsg-null testes,
we used classical markers for meiotic progression in immuno-
ﬂuorescence analyses. Antibodies that recognized SYCP1 (the
central element of the synaptonemal complex), SYCP3 (the lateral
element of the synaptonemal complex), phosphorylated histone
H2AFX (commonly known as γH2AX), a histone marker of DNA
double-strand breaks, and H1T (a male germ-cell speciﬁc histone
marker for spermatocytes that have reached the mid-pachytene
point of meiotic prophase) were used to assess whether the
spermatocytes of Bsg KO males entered and progressed through
meiosis (Costa et al., 2005; Inselman et al., 2003). Our results
showed that male germ cells of Bsg KO mice displayed normal
patterns of chromosome dynamics (Fig. 3), exhibiting homologous
chromosome synapsis (Fig. 3G and H) as well as normal labeling of
the X–Y bivalent (Fig. 3J), which, as in wild type germ cells, is the
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KO spermatocytes reached the mid-pachytene stage, a time at
which competence to enter meiotic division arises. This was
conﬁrmed by the presence of MI spermatocytes (Fig. 3L). After
chromosomes underwent desynapsis at the end of meiotic pro-
phase and entered the MI division phase, SYCP1 labeling disap-
peared, and SYCP3 labeling was observed at the centromeric endsPachynema
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Fig. 3. Surface-spread chromatin preparations documenting normal chromosome pairin
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protein. Scale bar, 100 μm; scale bar (enlargement), 20 μm.of the chromosomes (Fig. 3F and L). In addition, some meiosis II
spermatocytes were also observed in the KO preparations (data
not shown).
To determine whether post-meiotic germ cells are present in
Bsg KO mice, we immunostained adult testis sections for the
acrosome marker SP-10 (known as ACRV1) (Herr et al., 1990;
Reddi et al., 1999). This protein only begins to be expressed byMid-Pachynema Metaphase I 
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tion of these markers between wild type and Bsg KO spermatocytes.
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ice (12–24 weeks of age; n¼3). (A) Immunohistochemistry for the acrosome marker
whole testes and subjected to immunoblotting. (D) Bar graphs summarizing the
independent mice with the data normalized to the loading control, GAPDH. The
s of the highlighted areas in each panel. The brown color represents localization of
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spermatids (Dr. Prabhu Reddi, personal communication). As
shown in Fig. 4A, in the wild type testes, early stage (step 3)
round spermatids showed a punctate expression of SP-10 in the
acrosomal granule which progresses into a stronger, crescent-
shaped pattern of SP-10 expression in elongated spermatids with
a fully developed acrosome. In the testes of Bsg KO mice the
punctate pattern of SP-10 expression in the acrosomal granule of
early round spermatids was present but overall expression of SP-10
was very low because there are no elongated spermatids with fully
developed acrosomes in the testes of these KO mice. (Fig. 4B). WeWT
Fig. 5. Abnormalities in testes of aged Bsg KO mice (n¼2). (A) PAS staining in aged wild
sections. Numerous vacuoles (arrowhead) were formed within the seminiferous epithe
spermatogenesis in the seminiferous epithelium of aged Bsg KOs. Scale bar, 20 μm. (E) S
bar, 20 μm. (F) Abundent degenerating, sloughed germ cells were found in the lumen of
20 μm. The rectangles located in the right-bottom corner of images are the enlarged vieused immunoblotting to quantify the level of SP-10 in both wild
type and Bsg KO testes. Our results showed that SP-10 was strongly
expressed in wild type testes. However, the level of SP-10 in Bsg KO
testes was almost too low to detect which corresponded with our
immunohistochemistry results (Fig. 4C and D).
Abnormalities in aged mouse testes (15–17 months) caused by loss of
BSG expression
Numerous vacuoles were observed within the seminiferous
epithelium of Bsg KO testes of aged mice (Fig. 5C, arrowhead) inKO
type, (B) young Bsg KO (12–24 weeks) and (C) aged Bsg KO (15–17 months) testis
lium of aged Bsg KOs. Scale bar, 20 μm. (D) Loss of spermatogonia and failure of
ertoli cells (arrowhead) were observed clumped in the lumen of Bsg KO mice. Scale
efferent ductules in Bsg KO mice (arrowhead). Scale bar, 100 μm; scale bar (insert),
ws of the highlighted areas in each panel.
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Some areas of the seminiferous epithelium showed a signiﬁcant
loss of spermatogonia and failure of spermatogenesis (Fig. 5D). In
some tubules we also observed Sertoli cells clumped in the lumen,
appearing to have lost their attachment to the basement mem-
brane (Fig. 5E, arrowhead). SOX9, a Sertoli cell marker
(Hemendinger et al., 2002), was used to identify these Sertoli cells
(red). The lumen of Bsg KO efferent ductules contained degenerat-
ing sloughed germ cells and areas of aggregated debris (Fig. 5F,
arrowhead). The epididymal lumen was mostly devoid of germ
cells but some luminal debris was present with occasional degen-
erating germ cells.
Integrity of the BTB and expression of the BTB related adhesion
molecules CXADR, CX43, CLDN11 and CDH2 in the testes of wild type
and Bsg KO mice
We next investigated the integrity of the BTB in Bsg KO testes by
injecting a biotin tracer into the testes. In the wild type testes the
biotin tracer was restricted to the interstitium and the basal
compartment of the seminiferous tubules (Fig. 6A and B). In contrast,
in Bsg KO mice, the biotin tracer in some tubules penetrated beyond
the BTB and surrounded early pachytene spermatocytes, but did not
enter the lumen (Fig. 6H and I, arrowhead).
We therefore carried out immunohistochemical analysis of both
wild type and Bsg KO testes to determine the expression pattern of
some well-known BTB-related adhesion proteins. We observed that
CXADR immunoreactivity was strongly expressed along the basal
compartment of the seminiferous tubules of wild type mice (Fig. 6C,
arrowhead). A very similar localization pattern of CXADR protein was
also observed in Bsg KO testes (Fig. 6J, arrowhead). CX43 immunor-
eactivity in wild type testes was observed in spermatocytes and round
spermatids. Weak immunoreactivity was detected in elongated sper-
matids but was undetectable in spermatogonia. A very strong immu-
noreactivity was detected at the site of the BTB (Fig. 6D, arrowheads).
The localization pattern of CX43 protein in Bsg KO testes was very
similar (Fig. 6K). CLDN11 immunoreactivity was detected at the site
of the BTB of the seminiferous epithelium in both wild type andbiotin tracer CXADR CX43
W
T
K
O
Fig. 6. Integrity of the BTB and localization of BTB related adhesion molecules CXADR, C
age; n¼3). A biotin tracer was injected into the testicular interstitial space of both wild ty
tracer and DAPI. The biotin tracer penetrated around the early pachytene spermatocytes
(F)): Immunohistochemistry with antibodies to CXADR, CX43, CLDN11 or CDH2 in wild ty
CLDN11 or CDH2 in Bsg KO testes. There was no difference in expression of CXADR, CX43
was greatly reduced at the site of the BTB of Bsg KO mice. Panels ((G), (N)): Sections were
The brown color represents the localization of each protein, while green color represents
adhesion molecule at the site of the BTB. Scale bar, 20 μm.Bsg KO testes and formed an almost continuous ring of expression
(Fig. 6E and L).
We also examined expression of CDH2 and saw a signiﬁcant
alteration in expression in Bsg KO testes. CDH2 immunoreactivity in
wild type testes was observed at the site of cell-cell contacts between
Sertoli cells and spermatogenic cells (Fig. 6F). However, whereas wild
type testes showed strong expression of CDH2 along the basal
compartment of the seminiferous tubule (Fig. 6F, arrowheads), CDH2
expression was greatly reduced in the basal compartment of the
seminiferous tubules (the site of the BTB) of Bsg KO mice (Fig. 6M). No
signal was detected in the negative control sections (Fig. 6G and N).
GlcNAc terminated N-glycans localization in testes of wild type and
Bsg KO mice
GlcNAc terminated tri-antennary and fucosylated N-glycan
structures have been shown to play a key role in germ cell-
Sertoli cell adhesion (Akama et al., 2002). Therefore, we carried
out lectin histochemistry analysis on both wild type and Bsg KO
testes using Griffornia simplicifolia agglutinin (GSA) II which
recognizes GlcNAc terminated N-glycans (Akama et al., 2002).
We found that the expression pattern of GlcNAC terminated
carbohydrates showed remarkable differences between wild type
and Bsg KO testes. In wild type testes, spermatogenic cells were
strongly stained with GSA II (Fig. 7A). In contrast, immunostaining
in the Bsg KO testes was greatly decreased (Fig. 7B). No signal was
found in the negative control sections (Fig. 7C).
Determining whether GlcNAc terminated N-glycans carbohydrates
are linked to BSG
BSG is a highly glycosylated protein rich in N-glycans (Miyauchi
et al., 1990; Tang et al., 2004). Lectin blotting analysis was carried out
to determine whether GlcNAc terminated N-glycans are one of the
carbohydrates linked to BSG. We ﬁrst immunoprecipitated protein
lysates from mouse testes using a BSG antibody and then performed
immunoblotting using this same BSG antibody to conﬁrm that we
had successfully pulled down BSG protein (Fig. 8). No BSG signal wasCLDN11 CDH2 ctrl
X43, CLDN11 and CDH2 in the testes of wild type and Bsg KO mice (12–24 weeks of
pe ((A), (B)) and Bsg KO mice ((H), (I)). Panels ((B), (I)): The merged images of biotin
in compartment of Bsg KO seminiferous tubules ((H), (I), arrowhead). Panels ((C)–
pe testes. Panels ((J)–(M)): Immunohistochemistry with antibodies to CXADR, CX43,
and CLDN11 between wild type and Bsg KO testes. However, the expression of CDH2
incubated with non-speciﬁc IgG as a negative control and there was no any staining.
the localization of biotin tracer. Arrowheads indicated the immunoreactivity of each
L+
N
KOWT
Fig. 7. Localizations of GlcNAc terminated N-glycans in the testes of wild type and Bsg KO mice (12–24 weeks of age; n¼3). Localization of GlcNAc-terminated N-glycans in
wild type testes (A) and in Bsg KO testes (B). GSA II was strongly expressed in all phases of wild type spermatogenic cells except spermatogonia (arrowhead). This lectin
staining, however; was greatly decreased in the Bsg KO testes. (C) Sections incubated with GSA II that was pretreated with N-acetylglucosamine as a negative control did not
show any positive staining. The rectangles located in the bottom-right corner of images are the enlarged views of the highlighted areas in each panel. The brown color
represents localization of GlcNAc-terminated N-glycans. Scale bar, 100 μm; scale bar (insert), 20 μm.
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Fig. 8. GlcNAc-terminated N-glycans are one of the carbohydrates linked to BSG
(12–24 weeks of age; n¼3). BSG protein was immunoprecipitated from mouse
testes lysates with BSG antibody. Immunoblotting with BSG antibody indicated that
the protein immunoprecipitated from mouse testes lysates was BSG. No BSG signal
was observed from the IgG control. After stripping the blot, lectin blotting with GSA
II was performed to show the presence of GlcNAc terminated N-glycans.
J. Bi et al. / Developmental Biology 380 (2013) 145–156 153observed from the IgG control, conﬁrming the speciﬁcity of the
antibody for mouse BSG. These membranes were then stripped and
reprobed with GSAII. Our lectin blotting clearly showed the presence
of GlcNAc terminated carbohydrates corresponding with the BSG
protein. These results conﬁrmed that GlcNAc terminated N-glycans
are one of the carbohydrates linked to BSG.
Bsg knockdown reduces adhesion of spermatocytes to Sertoli cells
In order to determine whether BSG plays a role in adhesion of
spermatogenic cells to Sertoli cells, we performed an in vitroadhesion assays with GC-2 and SF7 cells transfected with Bsg
siRNA. As shown in Fig. 9A, the expression of BSG protein was
knocked down completely in GC-2 cells transfected with Bsg
siRNA, but not in the negative control group 72 h after transfec-
tion. Knockdown of Bsg expression in GC-2 cells resulted in a
signiﬁcant reduction in adhesion (75%) between GC-2 and SF7
cells compared with controls as quantitated by the levels of
tritiated thymidine bound to SF7 cells (Fig. 9B).Discussion
BSG is a transmembrane glycoprotein that is expressed in
several reproductive tissues and plays an essential role in both
male and female fertility (Igakura et al., 1998; Kuno et al., 1998).
Previous studies have shown by microscopic analyses that many
Bsg KO spermatocytes are arrested and degenerate at the meta-
phase of the ﬁrst meiosis, with only a small number of germ cells
differentiating into step 1–2 spermatids (Igakura et al., 1998;
Toyama et al., 1999). Our results showed that spermatogenesis in
Bsg KO mice is arrested at the early round spermatid stages (step
3 or 4), before any spermatid differentiation occurred. Moreover,
we also found that there was a large increase in the number of
germ cells undergoing apoptosis in Bsg KO testes. These results are
consistent with previous reports (Chen et al., 2012; Igakura et al.,
1998; Toyama et al., 1999) and conﬁrm that BSG is essential for the
development/differentiation of germ cells to round spermatids.
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Fig. 9. Adhesion of GC-2 spermatocyte cells transfected with Bsg siRNA to SF7
Sertoli cells (n¼3). (A) Loss of BSG protein expressions in Bsg siRNA transfected
cells. Protein lysates for BSG were isolated from both Bsg siRNA treated and control
GC-2 cells and subjected to immunoblotting. GAPDH served as a loading control.
(B) Adhesion between siRNA treated GC-2 cells and SF7 cells was signiﬁcantly
decreased in comparison to the control group. Bars represent the CPM7S.E. of
three independent experiments and the asterisk indicates the statistical difference
(Po0.05).
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necessary for maintenance of the BTB in the semniferous tubules.
Although some metaphase spermatocytes are present in Bsg KO
testes, it was important to examine the key events of meiotic
division more carefully in Bsg KO testes. Our results showed that
Bsg KO spermatocytes undergo normal homologous chromosome
synapsis and progression to the metaphase of ﬁrst meiosis as
demonstrated by immunoﬂuorescent labeling of chromosomes
with SYCP1, SYCP3, H1T and γH2AX. However, we observed a
number of abnormal chromatin patterns in the pachytene sper-
matocytes as they enter meiotic division, and signiﬁcant cell death
was observed in the tubules. We also used an antibody to the
round spermatid marker SP-10 to identify spermatids in adult
testes sections. Mouse spermiogenesis is divided into 16 steps
according to the shape of the developing acrosome. These stages
are: Golgi phase, steps 1–4; cap phase, steps 5–7; acrosome phase,
steps 8–12; and maturation phase, steps 13–16 (Russell, 1990;
Segretain and Roussel, 1988). We observed punctate staining for
SP-10 in the acrosomal granules of early (step 3) round spermatids
in Bsg KO mice indicating that at least a portion of the germ cells
did progress to this stage before being lost.
Spermatogenesis begins with mitosis of spermatogonia and
formation of early spermatocytes. Whenwe examined testes of old
Bsg KO mice (around 15 months old), we observed that numerous
vacuoles had formed within the seminiferous epithelium and
pachytene spermatocytes showed abnormal nuclei and cell death
(data not shown). In some tubules, Sertoli cells were observed
clumped in the lumen, appearing to have lost their attachment
to the basement membrane. Moreover, some areas of theseminiferous epithelium showed signiﬁcant loss of spermatogonia
and failure of spermatogenesis. The phenotypes described above
were not found in testes of aged wild type or young Bsg KO males.
Thus, in older KO males we observed a more severe phenotype
suggesting that over time the impact of loss of BSG on spermato-
genesis becomes more severe and cumulative.
The Sertoli cell is known to secrete ﬂuid to form a seminiferous
tubular lumen (Russell et al., 1989). The lumen size in Bsg KO testes
was 65% smaller than that of wild type testes (data not shown).
Furthermore, the lumen of Bsg KO efferent ductules contained
degenerating sloughed germ cells and areas of aggregated debris,
suggestive of stagnation due to reduced ﬂow of ﬂuid from the
testis. Taken together, these results support that BSG may also
regulate the secretion of seminiferous tubule ﬂuid from Sertoli
cells during spermatogenesis.
Integrity of the BTB is essential for survival of the postmeiotic
germ cells and injection of biotin tracer is commonly used to
determine the integrity of the BTB (Chen et al., 1997). We observed
an altered pattern of biotin localization within the testes of Bsg KO
mice indicating that the integrity of the BTB is compromised in Bsg
KO testes. We further investigated this ﬁnding by analyzing
immunolocalization of several BTB component proteins.
The junctional proteins CXADR, CX43, claudins, and CDH2 are
important for maintenance of BTB integrity (Cheng and Mruk,
2009; Komljenovic et al., 2009; Pointis and Segretain, 2005; Wong
et al., 2008). We did not observe any difference in localization of
CXADR, CX43 or CLDN11 between wild type and Bsg KO testes.
However, the expression of CDH2 was greatly reduced at the basal
compartment of the seminiferous tubule (the site of the BTB) in
Bsg KO mice. CDH2 belongs to a family of calcium-dependent,
homophilic cell adhesion molecules that are expressed in a
number of tissues (Gumbiner, 2005). CDH2, along with β-catenin,
is one of the component proteins of the BTB (Cheng and Mruk,
2009; Elkin et al., 2010; Lee et al., 2003). Studies have shown that
CDH2 is also involved in spermatogenesis. It mediates Sertoli cell-
spermatogenic cell adhesion (Newton et al., 1993), and may also
facilitate germ cell migration during spermatogenesis (Chung
et al., 1998). Since the expression of CDH2 was greatly reduced
in the testes of Bsg KO mice this suggests that BSG may regulate
the expression of CDH2 either directly or indirectly. Taken
together, our data show that BTB integrity is compromised but
not destroyed completely in Bsg KO testes. This may be due to the
presence of several other junction proteins such as CXADR, CX43
and CLDN11 that are also known to maintain BTB integrity and
whose expression is not altered in Bsg KO testes. Our results show,
for the ﬁrst time, that loss of BSG expression and reduced
expression of the basal ES protein CDH2 disrupts Sertoli cell BTB
integrity.
N-glycans are branched carbohydrates that are attached to the
amide nitrogen of asparagine residues of peptides. There are three
broad classes of N-glycans: high mannose, hybrid, and complex
and all are found attached to mammalian glycoproteins (Alberts,
2002; Fukuda and Akama, 2003). These all share a common core
structure that contains two GlcNac and three mannose, but differ
in their outer branches. Biosynthesis of N-glycans includes “en
bloc” transfer of oligosaccharides made of glucose, mannose and
GlcNac utilizing several different enzymes to complete the process.
For example, N-acetylglucosaminyltransferase I (GlcNAc-TI) is
essential for the conversion of high mannose type N-glycans to
hybrid type N-glycans. Mice lacking GlcNAc-TI die at embryonic
day 10 due to inhibition of development (Ioffe and Stanley, 1994).
The enzyme A-mannosidase II (MX) acts by removing two man-
nosyl residues from high mannose type N-glycans (Akama and
Fukuda, 2006). Mice lacking MX showed a great reduction in the
level of GlcNAc-terminated N-glycans, and the spermatogenic
cells of MX null mice fail to adhere to Sertoli cells leading to the
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oligosaccharide 310.11 in MX KO testes was reduced by ∼50%
compared to that in wild type testes and pretreatment of cultured
Sertoli cells with this oligosaccharide dramatically blocked the
binding between Sertoli cells and germ cells (Akama et al., 2002)
conﬁrming the importance of this GlcNAc-terminated N-glycan for
germ cell adhesion.
BSG is a transmembrane glycoprotein rich in N-glycans (Tang
et al., 2004). Our results showed that GlcNAc terminated carbohy-
drates were greatly decreased in testes of Bsg KO mice. In addition,
lectin blotting clearly showed the presence of GlcNAc terminated
carbohydrates corresponding with BSG protein. Thus BSG acts
as an attachment molecule for GlcNAc-terminated N-glycans.
To determine whether BSG plays a role in adhesion of spermato-
genic cells to Sertoli cells, we performed in vitro adhesion assays
with SF7 cells and GC-2 cells transfected with Bsg siRNA. We found
that knockdown of Bsg in GC-2 cells caused a marked reduction
(over 75%) in adhesion of GC-2 to SF7 cells. This failure of adhesion
was due to a defect in spermatogenic cells, not in Sertoli
cells, which is consistent with the earlier reports demonstrating
the importance of GlcNAc-terminated N-glycans expression in
germ cells for attachment to Sertoli cells (Akama et al., 2002).
Our ﬁndings support that BSG expressed on the surface of
spermatogenic cells is important for germ cell adhesion to Sertoli
cells.
Testes of Bsg KO mice also exhibited multinucleated giant cells.
These multinucleated giant cells may form due to the failure of
germ cells to lose their intercellular bridges. Similar multinu-
cleated giant cells have been observed in the testes of MX KO mice
(Akama et al., 2002), cAMP responsive element modulator (Crem)
KO mice (Nantel et al., 1996) and Bcl-w KO mice (Print et al., 1998),
which also show elevated apoptosis of male germ cells similar to
Bsg KO males. The phenotype of the Crem KO mouse is very similar
to the Bsg KO mouse (Nantel et al., 1996). For example, late
spermatids are completely absent and there is a signiﬁcant
increase in apoptotic germ cells. BCL-W is a pro-survival protein
belonging to the BCL2 family (Print et al., 1998). Bcl-w KO mice also
show a marked reduction in the number of elongating spermatids.
Understanding the mechanism of action of both CREM and BCL-W
in the testis would deﬁnitely provide insights into the functions of
BSG during spermatogenesis.
In conclusion, our studies found that spermatocytes lacking BSG
expression showed normal homologous chromosome synapsis and
progression to the metaphase of ﬁrst meiosis. However, spermato-
genesis in Bsg KO males was arrested at the early (step 3 or 4) round
spermatid stage. The loss of BSG in Bsg KO testes led to greatly
reduced expression of CDH2 in the basal compartment of the
seminiferous tubule and to disruption of the integrity of the BTB.
Furthermore, BSG also appears to serve as an important attachment
molecule between Sertoli cells and germ cells since inhibition of BSG
expression in GC-2 cells signiﬁcantly reduced adhesion between GC-
2 and SF7 cells. This attachment may be mediated by the N-glycans
contained in BSG. Thus the loss of BSG signiﬁcantly impairs interac-
tions between gametes and Sertoli cells. This is the reason for the
large increase in the number of germ cells undergoing apoptosis in
Bsg KO testes resulting in azoospermia. Our results provide a
direction for future studies of the interaction between Sertoli cells
and germ cells. Elucidation of the speciﬁc functions of BSG during
spermatogenesis may lead to the development of new therapeutic
targets for reversing azoospermia.Acknowledgements
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